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Recent studies of core-level X-ray photoelectron spectroscopy (XPS) spectra of silicene on
ZrB2(0001) were found to be inconsistent with the density of states (DOS) of a planar-like structure
that has been proposed as the ground state by density functional theory (DFT). To resolve the dis-
crepancy, a reexamination of the XPS spectra and direct theoretical access of accurate single-particle
excitation energies are desired. By analyzing the XPS data using symmetric Voigt functions, differ-
ent binding energies and its sequence of Si 2p orbitals can be assigned from previously reported ones
where asymmetric pseudo-Voigt functions are adopted. Theoretically, we have adopted an approach
developed very recently, which follows the sophisticated ∆ self-consistent field (∆SCF) methods, to
study the single-particle excitation of core states. In the calculations, each single-particle energy and
the renormalized core-hole charge density are calculated straightforwardly via two SCF calculations.
By comparing the results, the theoretical core-level absolute binding energies including the splitting
due to spin-orbit coupling are in good agreement with the observed high-resolution XPS spectra.
The good agreement not only resolves the puzzling discrepancy between experiment and theory
(DOS) but also advocates the success of DFT in describing many-body interactions of electrons at
the surface.
PACS numbers: 73.20.-r, 71.15.Qe, 71.15.Mb, 79.60.-i
I. INTRODUCTION
Two-dimensional materials are promising for the
next generation of technology and have been exten-
sively studied.1–9 Among them, research on silicene
has caught great attention since its successful fabri-
cation on metallic substrates.3–9 Recent formation of
isolated quasi-freestanding silicene showing the feature
of massless Dirac fermions further remarked a con-
siderable progress.10 As expected, density functional
theory (DFT)11,12 has provided substantial supports
for understanding silicene.3–10 In the case of silicene
on ZrB2(0001),
9 the DFT-proposed ground state, the
planar-like silicene13 as shown in Fig. 1 (a), can well
reproduce the valence band structure measured by the
angle-resolved photoelectron spectroscopy via the in-
terpretation of Kohn-Sham eigenvalues as quasiparticle
energies.14–16 However, the core-level X-ray photoelec-
tron spectroscopy (XPS)17–21 spectrum of silicene on
ZrB2(0001) was found to be consistent with the density
of states (DOS) of Kohn-Sham orbitals of a buckled-like
structure, not the planar-like one.9,22 This is puzzling
and implies that the underlying physics in the core-level
XPS spectrum is beyond what the DOS can offer, show-
ing a need of theoretical access of accurate single-particle
excitation energies.
The core-level excitation has been theoretically stud-
ied in the past decades.23–35 A sophisticated method to
access the excitation energies is to perform the so-called
∆ self-consistent field (∆SCF) calculations, where each
excitation energy is obtained by the energy difference
between the ground state and an excited state via two
self-consistent calculations from first principles.23–34 In
the studies of single-particle excitation of core states,
another accurate but time-consuming approach is to
perform the quasiparticle calculation in the framework
of diagrammatic perturbation theory within the GW
approximation.15,35 In principle, both approaches to the
core-level single-particle excitation energy should reach
the same result that corresponds to the total energy dif-
ference between N and N − 1 electrons of a system,
as given by the pole of electronic one-particle Green’s
function.15,35 Owing to the complicated many-body in-
teraction of electrons, such as the effect of core-hole
screening, it is still challenging to calculate the single-
particle excitation energies of core states that can directly
be used to compare with the XPS experiments.
We follow the thrust of DFT that promises to give the
total energy and charge density of an interacting many-
electron system to study the core-level single-particle ex-
citation in silicene on ZrB2(0001) for both the planar-like
and buckled-like forms by directly calculating the total
energies of systems with/without a core hole using the
method developed very recently.36 The method resem-
bles the sophisticated ∆SCF methods. Specifically, the
designated core hole is introduced by adding a penalty
functional through a projector. The interaction between
periodic images of the created core hole imposed by the
periodic boundary condition is avoided using an exact
Coulomb-cutoff technique36,37 so that the calculations
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2can reflect the nature of the “N − 1”-electron solid-state
system. The calculated absolute binding energies of core
states in the planar-like silicene are found to be consistent
with the re-analyzed experimental data. The core holes
are also found to be strongly dressed by other electrons.
The charge density of dressed hole can be visualized in
real space and is shown to deviate from the picture of
non-interacting electrons.
The paper is organized as follows. The experimen-
tal and computational details are given in Sec. II and
Sec. III, respectively. The comparison between ex-
perimental data and theoretical results is presented in
Sec. IV, where the physical quantities related to the
single-particle excitation can also be found. In Sec. V
more discussions are given for addressing several DFT-
related issues. In Sec. VI a summary is given and con-
cludes the paper.
II. EXPERIMENTAL
The XPS measurements were performed using syn-
chrotron radiation source at Photon Factory BL-13B
(2015S2-008). The spectra were recorded by a hemi-
spherical electron energy analyzer (Scienta SES200). All
the measurements were carried out at 300K in ultrahigh
vacuum (UHV). The zero binding energy was taken at
the Fermi edge of a tantalum foil attached to the sam-
ple holder. Normal emission spectra were collected. The
incident photon energy was 260 eV for Si 2p. The ZrB2
film was epitaxially grown on the Si(111) substrate by
chemical vapor deposition in UHV at JAIST. An oxide-
and contamination-free epitaxial silicene monolayer was
prepared on the ZrB2/Si(111) substrate by heating the
sample at 1053K for about 30 minutes in UHV.
To analyze the contribution of each Si atom from the
measured Si 2p spectrum (raw data), the choice of fit-
ting functions becomes essential. In previous studies,
the raw data were fitted using asymmetric pseudo-Voigt
functions for three Si atoms and found to be consistent
with the DOS of the buckled-like silicene.9,22 Regarding
that the Si 2p core levels are localized in energy away
from the other states and the major energy splittings are
the gaps between 2p1/2 and 2p3/2 orbitals, another good
choice is to use the standard symmetric Voigt functions
that should be able to uncover the relevant excitation
sources in Si surfaces.19–21 However, the fitted peaks us-
ing symmetric Voigt functions resemble the DOS of nei-
ther the buckled-like nor the planar-like silicene. Having
the puzzling discrepancy between experiment and theory
mentioned in Sec. I, it is then interesting to see if the
fitted peaks using symmetric Voigt functions for differ-
ent photon energies could give consistent results with the
calculated absolute binding energies of the ground-state
planar-like silicene.
The fitting results using symmetric Voigt functions re-
veal three sets of peaks labelled as α, β, and γ con-
tributed from three different Si atoms. The results of
present study are shown in Fig. 1 (b) where each set con-
tains two peaks corresponding to the 2p1/2 and 2p3/2
contributions. It can be observed that the α and γ
peaks have the smallest and largest binding energies, re-
spectively, together with the in-between β peak in each
angular momentum j contribution. In addition to the
symmetric Si 2p peaks, shake-up components22 together
with a Shirley-type background have also been consid-
ered. The fitting results of α, β, and γ peaks of previously
reported raw data22 using symmetric Voigt functions for
three different photon energies are found to exhibit the
same feature. For sake of conciseness, the corresponding
α, β, and γ peaks are shown in the Appendix A, where
the detailed fitting parameters can also be found.
III. COMPUTATIONAL DETAIL
The first-principles calculations were performed using
the OpenMX code,38 where the addition of penalty func-
tional for simulating creation of an atomic core hole
and the exact Coulomb-cutoff technique for avoiding
the undesired interaction between periodic holes were
implemented.36 Although the developments allow us ac-
cessing the energy of single-particle excitation that takes
into account the effects of exchange and correlation trig-
gered by removal of one electron, the approximation to
the exchange-correlation functional still plays a role that
could alter the results. In this study, the generalized gra-
dient approximation (GGA)39 was adopted. The norm-
conserving relativistic pseudopotentials and optimized
pseudo-atomic basis functions were used as additional
approximations to the all-electron problem.40–42 In the
calculations with presence of core holes, Si 2p core states
were relaxed during the SCF iterations. The spin-orbit
coupling was taken into account and responsible for the
energy splitting between j = 1/2 and j = 3/2 angular
momenta. Three, two, and two optimized radial func-
tions were allocated for the s, p, and d orbitals for each
Zr atom with a cutoff radius of 7 bohr, respectively, de-
noted as Zr7.0-s3p2d2. For Si and B atoms, Si7.0-s2p2d1
and B7.0-s2p2d1 were chosen. A cutoff energy of 220 Ry
was used for numerical integrations and for the solution
of the Poisson equation. The 2× 2 k-point sampling was
adopted for the (4 × 4) ZrB2(0001) unit cell whose in-
plane lattice constant was set to 4× 3.174 A˚.13 The slab
with five Zr layers and four B layers were studied and
terminated by either the Zr layer or silicene. The vac-
uum thickness separating the slabs was set to 20 A˚. The
core-level binding energies of the (4×4) ZrB2(0001) were
found to converge with the supercell size in the treat-
ment for metals, where the binding energies were calcu-
lated solely in the N -electron system and would be con-
sistent with those calculated involving the N and N − 1
electrons after reaching good convergence against the su-
percell size.36 The atomic positions were relaxed without
spin-orbit coupling until the forces were less than 2×10−4
hartree/bohr. The optimized geometric structures were
3frozen for the calculations with the presence of core holes.
IV. RESULTS
The structures of planar-like and buckled-like phases,
obtained by the DFT calculations, are presented in Fig. 1
(a). The total energy of the planar-like phase is lower
than that of the buckled-like phase by 272 meV per Si
atom. The buckled-like silicene resembles the freestand-
ing silicene43 but the lower Si atoms are pushed up while
locating on top of Zr atoms, denoted as t-Si, in compar-
ison with the other lower Si atoms locating above the
centers of Zr triangles, denoted as hollow-Si (h-Si). The
higher Si atoms are immune to further buckling and lo-
cate above the Zr-Zr bonds as bridging Zr atoms, de-
noted as b-Si. On the other hand, the planar-like silicene
possesses a different structure, where only the t-Si is pro-
truding out leaving the others at similar heights, close to
a planar structure. It can be expected that these differ-
ent structures should give distinguishable single-particle
excitation energies of core states.
A. Single-particle excitation energy
The physical picture of single-particle excitation can be
understood by studying the difference of physical quan-
tities between N and N − 1 (or N + 1) particles in the
many-electron system. Once a Si 2p electron is removed
from silicene as a bare hole, the surrounding electrons
that were correlated with the removed electron would act
on, for example, screening the positive charge of the hole
in reducing the electrostatic energy and bring the system
to a new state. The new state should be described by the
many-body eigenstates of N − 1 electrons. To have long
lifetime for the renormalized hole, the best scenario is
that the new final state belongs to a single eigenstate |m〉.
The energy of the dressed hole (DH) can be considered as
EDH = E
N−1
m −EN0 , where E0 denotes the ground state.
Obviously, once the dressed hole is created, the system
immediately falls into the eigenstate |m〉 with the total
energy equal to EN0 + EDH . After minimizing the total
energy of the system with presence of the bare hole in-
troduced by the penalty functional, the DFT-proposed
state is then considered as the excited state |m〉. The
obtained total energy can be substituted for EN−1m .
In XPS experiments, the values of binding energy
EB = µ
N +EDH is obtained, where µ denotes the chem-
ical potential. For reaching good convergence of EB
against the supercell size in metallic systems, the bind-
ing energy can be alternatively determined by EmetalB =
ENm −EN0 .36 The EmetalB ’s of Si 2p orbitals calculated on
the (4×4) ZrB2(0001) substrate and the convergence test
of h-Si of the planar-like phase in collinear calculations
as well as the observed XPS peaks are listed in Table I.
Note that we directly investigate the total energy differ-
ence via two SCF calculations (∆SCF) for each binding
TABLE I. Binding energies (EmetalB ) of Si 2p1/2 and 2p3/2
orbitals of silicene on (4×4) ZrB2(0001) in the buckled-like (B-
like) and planar-like (P-like) structures as well as the fitting
values of XPS peaks in eV. The fitting values for different
photon energies (PE) are given, respectively. The raw data
for the PE at 130 eV, 340 eV, and 700 eV are obtained from
Ref. 22. EmetalB ’s of P-like h-Si 2pz orbitals against supercell
sizes from collinear calculations are also listed for showing the
convergence.
(4× 4) 2p1/2 2p3/2
h-Si b-Si t-Si h-Si b-Si t-Si
B-like EmetalB 99.33 99.39 99.14 98.61 98.70 98.45
P-like EmetalB 99.15 99.50 99.63 98.45 98.80 98.91
experiment α β γ α β γ
PE=130eV 99.30 99.55 99.67 98.69 98.94 99.06
PE=260eV 99.26 99.50 99.66 98.64 98.88 99.05
PE=340eV 99.34 99.59 99.77 98.72 98.97 99.15
PE=700eV 99.31 99.56 99.71 98.69 98.95 99.09
P-like (2× 2) (4× 4) (6× 6)
h-Si 98.43 98.35 98.37
energy, where no dynamical effects, like those described
by the diagrammatic processes within the GW approxi-
mation, are explicitly calculated for the screening.
In Fig. 1 (c) and (d), the binding energies EmetalB ’s
listed in Table I are plotted using the same Voigt broad-
ening, and the area ratio of h-Si, b-Si, and t-Si is con-
sidered as 2:3:1. Interestingly, the DFT-GGA-revealed
peaks for the 2p1/2 and 2p3/2 holes created in h-Si, b-
Si, and t-Si of the planar-like phase shown in Fig. 1 (d)
agree quite well with the α, β, and γ peaks, respectively,
in the absolute scale. In contrast, the t-Si EmetalB of the
buckled-like phase possesses the smallest value as pre-
sented in Fig. 1 (c), which is inconsistent with the XPS
measurements described in Sec. II and also in Fig. 1 (b).
This finding resolves the puzzling discrepancy in analyz-
ing the core-level binding energies between the experi-
mental data and those obtained from the ground-state
planar-like phase.
Note that the previously reported XPS study com-
pared the data to the relative eigenvalues of Kohn-Sham
orbitals of the buckled-like phase, which is the informa-
tion presented by the DOS. The DOS of both phases is
shown in Figs. 1 (e) and (f), respectively. The energy
sequence of Kohn-Sham eigenvalues in the buckled-like
phase is b-Si, t-Si, and h-Si, where the b-Si eigenvalue
has the lowest value, while the sequence is t-Si, b-Si, and
h-Si in the planar-like phase. These relative eigenvalues
can be understood in terms of the Coulomb repulsion
between orbitals. Assuming the orbitals distribute their
charge density from each atomic center to its near neigh-
bors, having more near neighbors would give stronger
Coulomb repulsion and increase the energy. Each Si atom
has three nearest neighbor Si atoms together with the
nearest neighbor Zr atoms. Guided by the structures in
Fig. 1 (a), the coordination numbers of t-Si, b-Si, and h-Si
can be considered as four, three, and six in the buckled-
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FIG. 1. (Color online). (a) Structures of buckled-like and planar-like silicene, where the t-Si (red), b-Si (green), and h-Si (blue)
are indicated. (b) Measured Si 2p XPS spectrum (filled dots) and fitting results by symmetric Voigt functions. The fitted α
(blue), β (green), and γ (red) peaks together with the background (orange) and shake-up (brown) contributions are presented.
DFT-GGA binding energies are plotted by the same Voigt broadening using the energies listed in Table I, and the area ratio
of h-Si, b-Si, and t-Si is considered as 2:3:1 for both of the (c) buckled-like and (d) planar-like silicene. Density of states of
buckled-like and planar-like silicene with Gaussian broadening of 0.15 eV is shown in (e) and (f), respectively.
like phase and three, five, and six in the planar-like phase,
respectively, which exactly map the energy sequences in
the DOS. However, these energy sequences differ from the
calculated absolute binding energies. The Kohn-Sham
eigenvalues also deviate from both the measured and cal-
culated binding energies by ∼ 9 eV in the absolute scale.
The core-hole screening from other electrons is respon-
sible for giving rise to both the observed XPS spectrum
and calculated binding energies, which will be discussed
in Sec. IV B and Sec. V.
B. Charge density of dressed hole
We now consider the modification of charge density dis-
tribution via the creation of core hole. The modification
involved in the single-particle excitation can be defined as
nDH = n
N−1
m −nN0 for representing the charge density of
the dressed core hole. Unlike the case of non-interacting
electrons, the nDH is not purely negative in real space so
that both holes and electrons can be created. The cre-
ated electrons play an essential role in screening the holes
whose major constituent is from the introduced penalty
functional. For metallic systems, nDH can be defined as
nNm−nN0 +δn, where δn is regarded as dilute electron gas.
The integration of δn over the whole system should be
exactly −1. The major response of charge density around
the bare hole can then be focused on nNm−nN0 , where the
positive and negative values reflect the needed electrons
and holes to be created in the ground state, respectively.
The charge density of dressed hole can be visualized in
real space. The nDH of planar-like phase without pre-
senting δn is plotted in Fig. 2. The positive and negative
contributions corresponding to the addition and removal
of electrons from the ground state, respectively, can be
identified. The spherical shape of positive contribution
surrounding the Si atom with a core hole can be seen in
Fig. 2, which screens the positive charge of the core hole.
The deviation of each dressed hole from the atomic eigen-
state can also be recognized from the charge density dis-
tribution that shows large positive and negative modifi-
cations around the neighboring atoms, including the top-
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FIG. 2. (Color online). Charge density modification, defined
as nNm − nN0 , of planar-like silicene (yellow). The positive
(red) and negative (blue) contributions indicate the amounts
of charge density need to be added and removed from nN0 ,
respectively. The charge-density surface is plotted at 0.001
e/bohr3. The cases with core holes created in (a) h-Si 2p1/2,
(b) b-Si 2p1/2, and (c) t-Si 2p1/2 are presented. The 2p3/2
results are similar to the 2p1/2 ones (not shown).
layer Zr ones. This clearly supports that the bare holes
are strongly dressed in consistency with the claimed es-
sential role of the final-state effects in the XPS spectra.25
The difference of nDH between 2p1/2 and 2p3/2 states can
reflect the effect of core-level spin-orbit coupling. At long
distance from the core, there is no significant difference
as shown by the 0.001 e/bohr3 charge density surface in
Fig. 2, reflecting the electrostatic screening of a positive
point charge.
In DFT the total energy is uniquely determined by
the charge density, the effect of taking into account the
charge density of fully dressed holes enhances the h-Si
EmetalB in the buckled-like phase and suppresses the t-
Si EmetalB in the planar-like phase in comparison with
the respective DOS. As a result, the energy sequences
of the peaks in both phases are changed, especially in
the buckled-like phase. Although the relative values of
the planar-like phase in the DOS are similar to those in
EmetalB ’s and can be understood therein, having the accu-
rate modification of the charge density distribution gives
the well separated 2p1/2 and 2p3/2 peaks in the abso-
lute values of binding energies that reach good agreement
with the XPS spectrum.
V. DISCUSSIONS
The calculated absolute binding energies of the planar-
like phase are shown in good agreement with the XPS ex-
periments. This implies that the total energy differences
obtained in the DFT-GGA calculations are able to de-
scribe the poles of one-particle Green’s function of epitax-
TABLE II. The nNm,0, defined as
∫ |nNm(~r)− nN0 (~r)|d~r, and
ntotalDH , defined as
∫ |nN−1m (~r)− nN0 (~r)|d~r, of buckled-like (B-
like) and planar-like (P-like) silicene on (4× 4) ZrB2(0001) in
the unit of number of electrons.
2p1/2 2p3/2
h-Si b-Si t-Si h-Si b-Si t-Si
B-like silicene ( nNm,0 ) 3.15 3.09 3.03 3.18 3.12 3.08
B-like silicene ( ntotalDH ) 3.60 3.61 3.57 3.63 3.64 3.62
P-like silicene ( nNm,0 ) 3.07 3.03 3.13 3.12 3.07 3.16
P-like silicene ( ntotalDH ) 3.57 3.57 3.64 3.61 3.61 3.67
ial materials. Recall that the ground-state total energy
and charge density of a many-electron system are proven
to be describable via a set of non-interacting Kohn-Sham
orbitals in the framework of DFT.11,12 The achievement
has led to successful predictions of the ground-state prop-
erties, and DFT continues as one of the state-of-the-art
methods in studying condensed matter.44 Our study of
epitaxial silicene gives an example of successful applica-
tions of DFT in studying excited states of many-electron
systems within the ground-state-type SCF calculations.
The issue concerning the physical meaning of Kohn-
Sham orbitals has been frequently discussed.24,45–47 It is
known that Kohn-Sham eigenvalues cannot be directly
used to compare with the quasiparticle energies15,35,47
that are measured in the photoelectron spectra.16–21 This
makes sense since creation or annihilation of a single-
particle eigenstate in an interacting many-body system
must cause strong or weak but non-zero correlation,
and the involved degrees of freedom in the many-body
multiplets must be much larger than the number of
single-particle eigenstates in general. Nevertheless, the
highest occupied orbital of a system has been proven
to deliver the ionization energy.48,49 Each eigenvalue
of Kohn-Sham orbital is also mathematically proven to
connect to the derivative of the total energy with re-
spect to its occupation.50 Our study advocates that the
single-particle Kohn-Sham orbitals not only construct
the ground-state charge density but are eligible for rep-
resenting the bare hole in describing the core-level single-
particle excitation. By adding a penalty functional to the
designated Kohn-Sham orbital through a projector, the
new set of Kohn-Sham orbitals is able to screen the bare
hole and allows accessing the excitation energy of the
many-electron system in the absolute scale even though
the eigenvalues themselves could be different from the
total energy differences.
We have defined the charge density of dressed core hole
nDH in studying the charge density modification caused
by the creation of core hole. For the metallic systems,
the integration of nNm−nN0 over the whole system is zero
with equal amounts of positive and negative values. The
modification in charge density can then be reflected by
nNm,0 ≡
∫ |nNm(~r)− nN0 (~r)|d~r integrating over the stud-
ied supercell. As listed in Table II, nNm,0 is in the order
of 3 electrons, which means that ∼ 1.5 holes containing
6the created one and ∼ 1.5 electrons are introduced in
the ground state. The ∼ 1.5 electrons are responsible
for screening the created hole. In the actual situation
of metallic system of N − 1 electrons, the electrons that
screen the holes are mainly contributed from the elec-
trons over the whole system, that is the dilute δn we have
illustrated before. For comparison, the ntotalDH defined as∫ |nN−1m (~r)− nN0 (~r)|d~r is also listed in Table II. Although
we need a larger supercell to reach better convergence in
this treatment, the 0.001 e/bohr3 charge density surfaces
are similar to those shown in Fig. 2 and ntotalDH ’s are also
in the order of 3 electrons. An estimation of leading
magnitude in nDH can be concluded as follows: 1 hole is
from the introduced core hole, 1 electron is in response
to screening the hole, and the source of that electron is
from the dilute electron gas distributing over the whole
system, which corresponds to 1 hole that needs to be
created in the ground state. Our study shows the im-
portance of existence of both signs in nQH for delivering
the accurate values of binding energies in the interacting
many-electron systems.
VI. SUMMARY
Studies of creation of core holes and the induced cor-
relations in solids are important for understanding their
constituent atoms, chemical environment, electronic
states, and various physical properties. By introducing
the addition of penalty functional to simulate a core hole
and the exact Coulomb-cutoff technique to avoid the
undesired interactions between periodic images of the
created core hole, we propose an approach to study the
single-particle excitation based on the ∆SCF methods.
The core-level states in silicene on ZrB2(0001) have been
studied by calculating the many-body total energies and
charge density directly within the framework of DFT.
From that, the addition and removal attributes of charge
density of the dressed core hole that cannot be revealed
by a single-particle eigenstate alone are demonstrated.
The puzzling discrepancy between the XPS spectrum
and the DOS revealed by Kohn-Sham orbitals of the
ground-state planar-like phase has been resolved by
directly comparing the absolute binding energies that
are obtained from total energy differences, not the
single-particle eigenvalues. The core holes are found
to be strongly dressed by other electrons evident from
the large modifications in the charge density involving
surrounding atoms, and the energy sequence is also
changed in comparison with DOS. The good agreement
between theory and experiment not only resolves the
puzzling discrepancy but also highlights the success of
DFT in fingerprinting the binding energies of surface
atoms including spin-orbit coupling. This work paves a
way for future exploration of single-particle excitation of
interacting electrons in various materials distinct from
the methods based on the diagrammatic perturbation
theories.
ACKNOWLEDGMENTS
We are grateful for the use of supercomputers at
JAIST. This work was supported by JSPS Grant-in-Aid
for Scientific Research on Innovative Area “3D Active-
Site Science” and Priority Issue (Creation of new func-
tional devices and high-performance materials to support
next-generation industries) to be tackled by using Post
K Computer, MEXT, Japan.
Appendix A: Fitting parameters
The fitting parameters for different photon energies are
given in Table A1. The measured Si 2p spectra with
the photon energies at 130 eV, 340 eV, and 700 eV are
obtained from Ref. 22 while the spectrum at 260 eV is
from the present study. The fitted α, β, γ, background,
and shake-up peaks together with the measured raw data
are presented in Fig. A1. The larger Gaussian widths
of the γ curves could be the signature of the peculiar
position of the pushed-up t-Si atom in the planar-like
structure. Although the electron interference gives dif-
ferent patterns at different wavelengths, the intensity ra-
tios collected from the normal emission do not deviate
from the atomic ratio 2:3:1 at different photon energies
significantly.
TABLE A1. Fitting parameters using symmetric Voigt func-
tions for different photon energies (PE). The experimental
raw data at 260 eV are obtained from the present study while
the raw data at 130 eV, 340 eV, and 700 eV are from Ref. 22.
The binding energies (EB), the full width at half maximum
of Lorentzian (WL), and the full width at half maximum of
Gaussian (WG) for each α, β, or γ curve are given in the unit
of eV. The (area) intensity ratio (R) is also listed.
PE=130eV EB(2p1/2) EB(2p3/2) WL WG R
α 99.302 98.688 0.056 0.135 3.69
β 99.551 98.937 0.056 0.159 5.58
γ 99.670 99.056 0.056 0.202 1.00
PE=260eV EB(2p1/2) EB(2p3/2) WL WG R
α 99.257 98.639 0.062 0.174 2.47
β 99.501 98.883 0.062 0.192 3.65
γ 99.665 99.047 0.062 0.267 1.00
PE=340eV EB(2p1/2) EB(2p3/2) WL WG R
α 99.338 98.718 0.056 0.145 3.34
β 99.590 98.970 0.056 0.187 6.76
γ 99.766 99.146 0.056 0.245 1.00
PE=700eV EB(2p1/2) EB(2p3/2) WL WG R
α 99.312 98.693 0.067 0.204 1.78
β 99.565 98.946 0.067 0.191 2.62
γ 99.710 99.091 0.067 0.382 1.00
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FIG. A1. (Color online). Measured Si 2p XPS spectra (filled
dots) obtained from Ref. 22 and fitting results by symmetric
Voigt functions for photon energies at (a) 130 eV, (b) 340 eV,
and (c) 700 eV. The fitted α (blue), β (green), and γ (red)
peaks together with the background (orange) and shake-up
(brown) contributions are presented.
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